Considerable data show that the vestibular system contributes to regulating blood pressure. Prior studies reported that lesions that eliminate inputs from the inner ears attenuate the vasoconstriction that ordinarily occurs in the hindlimbs of conscious cats during head-up rotations. These data led to the hypothesis that labyrinthine-deficient animals would experience considerable lower body blood pooling during head-up postural alterations. The present study tested this hypothesis by comparing blood flow though the femoral artery and vein of conscious felines during 20°-60° head-up tilts from the prone position before and after the removal of vestibular inputs. In vestibular intact animals, venous return from the hindlimb dropped considerably at the onset of head-up tilts, and at 5 sec following the initiation of 60° rotations was 66% lower than when the animals were prone. However, after the animals were maintained in the head-up position for another 15 sec, venous return was just 33% lower than before the tilt commenced. At the same time point, arterial inflow to the limb had decreased 32% from baseline, such that the decrease in blood flow out of the limb due to the force of gravity was precisely matched by a reduction in blood reaching the limb. After vestibular lesions, the decline in femoral artery blood flow that ordinarily occurs during head-up tilts was attenuated, such that more blood flowed into the leg. Contrary to expectations, in most animals venous return was facilitated such that no more blood accumulated in the hindlimb than when labyrinthine signals were present. These data show that peripheral blood pooling is unlikely to account for the fluctuations in blood pressure that can occur during postural changes of animals lacking inputs from the inner ear. Instead, alterations in total peripheral resistance following vestibular dysfunction could affect the regulation of blood pressure.
INTRODUCTION
Head-up body rotations in humans or animals typically result in some pooling of blood in the periphery, and a resulting reduction in return of blood to the heart. Because cardiac output is directly related to cardiac preload (Starling's Law of the Heart) (27) , cardiac output tends to decrease during head-up movements (25) . Furthermore, cardiac output and peripheral vascular resistance determine systemic blood pressure, such that the sympathetic nervous system must produce a rapid net increase in peripheral resistance by inducing vasoconstriction at the onset of head-up body rotations in order to maintain stable blood pressure (7) . Arterial baroreceptor mechanisms play an important role in regulating peripheral vasoconstriction during postural alterations (23) . In addition, there is considerable evidence from studies in animals (6, 8, 10, 11, 21, 22, 32) and humans (1, 4, 12, 23, 26, 28, 30) that the vestibular system also participates in triggering increases in vasomotor activity during movements that promote peripheral blood pooling.
Experiments conducted on anesthetized (13, 15) and conscious cats (32) demonstrated that the vestibular system influences on different vascular beds are not equivalent. Electrical stimulation of vestibular afferents produces opposite changes in the activity of sympathetic nerve fibers innervating arterioles in skeletal muscle of the upper and lower body (15) , and reciprocal changes in forelimb and hindlimb blood flow (13) . Head-up rotations of conscious felines elicit vasoconstriction as well as a reduction in arterial blood flow in both the forelimb and hindlimb (32) . However, following the removal of vestibular inputs by cutting the VIII th cranial nerves, the hindlimb vasoconstriction accompanying head-up tilts was attenuated, although the Page 4
forelimb vasoconstriction was unaltered (32) . The inability to rapidly increase lower body vascular resistance during head-up rotations has been presumed to lead to blood pooling in the hindlimbs and a reduction in venous return to the heart (32), which would account for the decrease in blood pressure that commonly occurs during head-up tilts in cats lacking labyrinthine inputs (10, 11) . However, the hypothesis that vestibulosympathetic reflexes serve to maintain adequate venous return to the heart during postural alterations has not been directly tested, which was the goal of the present study.
A number of methods, including plethysmography, can be used to monitor the presence of blood pooling in the limbs. In the present study, however, we elected to estimate blood accumulation in the hindlimb by comparing blood flow simultaneously determined for the femoral artery and vein during the course of head-up body rotations.
These measurements allowed us to determine whether increases in arterial flow to the limb were matched by increased venous outflow as body position was altered. By performing blood flow measurements, the temporal relationship between posturallyrelated changes in arterial perfusion to and venous outflow from the limb could be more accurately established than if another method was employed. To our knowledge, this is the first study that collected such data from conscious animals. Our experiments further determined whether the changes in venous and arterial blood flow during head-up tilts were altered following the elimination of labyrinthine signals. During the first surgery, a fixation plate was mounted on the skull and PS-series perivascular probes (Transonic Systems, Ithaca, NY) were placed around the femoral artery and vein of each leg and secured in place using sutures. We attempted to place the probes as proximal as possible within the leg, although there was some variability in the placement to circumvent collateral vessels to the parent artery and vein. The cable from each probe was routed subcutaneously and the connector was attached using dental cement to the skull behind the fixation plate. Animals recovered for at least 3 weeks after this surgery before data collection was initiated.
A second surgery was performed after initial data collection was complete to eliminate vestibular inputs. For this purpose, the tympanic bulla on each side of the skull was opened using a ventrolateral approach to expose the cochlea. A drill was used to remove temporal bone near the base of the cochlea, thereby producing a labyrinthectomy that rendered the vestibular apparatus dysfunctional. This procedure also provided access to the portion of the VIII th cranial nerve within the internal auditory canal, which was transected under microscopic observation. Thus, two independent lesions affecting the vestibular system were made on both sides to ensure that vestibular inputs were eliminated. In no case did nystagmus or a tonic deviation in eye position occur after the surgery, suggesting that the peripheral lesions were complete.
Furthermore, post-mortem histological examinations performed as part of our previous studies utilizing this surgical method revealed that it is always completely effective in eliminating vestibular inputs (2, 3, 11) . To ensure that animals received proper hydration Page 7
and nutrition during the post-surgical period, ~100 ml of saline solution was administered intravenously or subcutaneously each day and animals were fed by hand until the spontaneous consumption of food and water returned to pre-lesion levels (which only required 1-3 days maximum). After all data recording was completed ~1 month after the vestibular lesions, animals were deeply anesthetized with an intramuscular injection of 20 mg/kg ketamine and 0.2 mg/kg acepromazine followed by an intraperitoneal injection of 40 mg/kg pentobarbital sodium, and killed by transcardial perfusion with saline. An autopsy was then performed to assure that the perivascular probes remained secured to vessels.
Data collection procedures. The animals were trained over a period of three or more weeks to remain sedentary, with the limbs fully extended, during whole-body head-up tilts at an amplitude of 20°, 40°, or 60°. The acclimation procedures used in this study were identical to those employed in previous experiments (e.g., (10, 11, 21, 31, 32) ). During recording sessions, a jacket with attached Velcro straps was placed around the torso; the straps were secured to the sides of the tilt table to prevent the position of the animal from shifting during tilting. The head was immobilized by inserting a screw into the fixation plate secured on the skull. Extension cables were used to link the head-mounted perivascular probe connectors to TS420 perivascular flowmeter modules (Transonic Systems).
Data were collected during recording sessions lasting 30-45 min. All trials were conducted in a darkened room, and cardboard panels were placed around the animal's head to ensure that no visual cues were available to indicate the onset or magnitude of rotations. Head-up tilts of 20°, 40° and 60° amplitudes were randomly used throughout the recording sessions so that animals could not anticipate the amplitude of the next rotation. Tilts persisted for ~45 s and were separated by at least 45 s. The tilt table was rotated manually and secured in one of three predetermined tilt positions using a locking device. Rotations from the Earth-horizontal to the head-up position were performed rapidly, at a velocity of ~30°/s at all three amplitudes, to produce a sudden orthostatic challenge. Data collected during tilts in which animals vocalized or failed to remain stationary were discarded. However, since data collection was not initiated until animals were well-acclimated to the experimental protocol, the vast majority of trials yielded usable data. After baseline recordings were performed over ~2 months, vestibular inputs were surgically eliminated; data recording sessions resumed the day after the surgery, and continued for ~1 month. Experimental sessions were typically 
RESULTS
The presence of stable flow recordings for a vessel was assumed if the acoustic signal transmission indicated by the Transonic flowmeter was > 60% and did not vary during the course of tilts. In all cases where signal transmission was stable throughout the experiment, the postmortem autopsy revealed that the perivascular probe was firmly attached to the target vessel and surrounded with connective tissue that infiltrated the implantation site. However, in every animal, two or more probes became dislodged from vessels before the end of the data collection period. Such displacement of the probes was obvious, as the acoustic signal transmission fell to 0%, and the probes were subsequently noted to be detached from the vessels during the autopsy. Probe detachments from the target vessels usually occurred within a few weeks after implantation, and all data collected for the vessel were discarded.
In animals 1-5, stable recordings were obtained from a femoral artery and vein throughout the course of the experiment. In animals 1, 3, 4, and 5, the two vessels were located in the same hindlimb; in animal 2, stable recordings were only obtained from the left femoral vein and the right femoral artery. Although the venous and arterial data in animal 2 were collected from different limbs, we assumed that parallel events occurred on each side and still calculated blood accumulation values for this case. In animals 6 and 7, data were obtained from only one vessel (the left femoral artery in animal 6 and the left femoral vein in animal 7); it was thus impossible to estimate hindlimb blood accumulation for these cats. Effect of tilt amplitude on blood flow in and out of the hindlimb. Fig. 2 shows the effects of tilt amplitude on blood flow through the femoral artery and vein.
The data provided in this figure represent the average of the mean values obtained for each animal. Femoral artery blood flow increased slightly relative to baseline levels at the onset of head-up tilts, but then declined sharply. After ~10 s following the onset of rotations, femoral artery blood flow stabilized at ~20% less than baseline values during 40° tilts, and at ~30% less than baseline values during 60° tilts. A two-way ANOVA verified that the alteration in femoral artery blood flow was larger during both 40° and 60° head-up rotations than during 20° tilts.
The rotations also produced alterations in blood flow through the femoral vein, although the temporal dynamics were considerably different than for the femoral artery. indicates which of the differences illustrated in Fig. 3 were statistically significant. Fig. 5 provides the pooled data for all animals. During the first week after vestibular lesions, the decrease in femoral artery blood flow that ordinarily occurred at 7-20 sec following the onset of head-up rotations was attenuated in every case except Animal 5 (Fig. 3E ).
This reduction of arterial vasoconstriction was also evident from the pooled data for all animals (Fig. 5) . Subsequent to the first postlesion week, the vasoconstrictor responses in most animals and were similar to those in vestibular-intact animals. In contrast, the perturbation in venous return during rotations was less severe in the majority of cats following removal of vestibular inputs. In other words, elimination of labyrinthine signals typically facilitated venous return from the hindlimb. Only in animals 1 and 2 was the decline in hindlimb venous return at the onset of head-up tilts exacerbated after the removal of labyrinthine inputs (and this effect was statistically significant just in Animal 2). However, the effects on venous outflow in these two animals were not evident until after the first week following the vestibular lesions, when the deficits in vasoconstriction were mainly resolved.
Despite the effects of vestibular lesions on hindlimb vasoconstriction, instantaneous blood accumulation in the limb (the difference between the change from baseline in arterial inflow and venous outflow at different timepoints) was not appreciably exacerbated by the removal of labyrinthine inputs. This is apparent from data of individual animals (Fig. 3) , as well as from considerations of pooled data from all animals combined (Fig. 5) . During the first week following the removal of vestibular inputs, blood flow into the hindlimb through the femoral artery was respectively 11, 18, and 12% greater at 7, 9, and 19 sec following the onset of tilts than when labyrinthine inputs were present. At the same timepoints, venous return was 11, 17, and 18%
higher in the first week after the vestibular lesions. This analysis confirms that the increase in arterial perfusion of the hindlimb during tilts was equalized by an increase in venous outflow, and instantaneous blood accumulation was nearly identical before and after vestibular lesions. It is also known that mechanoreceptors are present in the walls of limb veins, which could provide signals to the central nervous system reflecting blood pooling during postural alterations (5, 17) . It is currently unclear whether signals from venous afferents can induce hindlimb arterial vasoconstriction or venoconstriction, although they have been suggested to trigger skeletal muscle pumping when blood accumulates in veins (29) . Further research is required to decipher the identity and relative roles of the multiple systems that serve to balance arterial inflow and venous outflow from the dependent limbs during movements that promote orthostasis.
DISCUSSION
The observation that removal of labyrinthine inputs fails to produce increased peripheral blood pooling during postural alterations indicates that another etiology must account for the disturbances in blood pressure that accompany head-up rotations following vestibular lesions (10, 11) . Baseline heart rates increase following elimination of signals from the inner ear (11); since cardiac output is the product of heart rate and cardiac preload, it seems unlikely that vestibular lesions promote attenuated cardiac output during postural alterations. A caveat is that removal of vestibular inputs results in a significant increase in the tonic activity of both the diaphragm and abdominal muscles (3), which could affect abdominal and thoracic cavity pressures and potentially alter venous return to the heart. Nonetheless, it seems improbable that impairment of movement of blood through the abdominal cavity could occur without pooling of blood in the lower limbs (19) , and thus was presumably not a factor in this study. Stimulation of vestibular afferents affects the activity of vasoconstrictor efferents innervating both muscle and visceral blood vessels (14, 15, 26) . Thus, loss of vestibulosympathetic reflexes could lead to alterations in vasoconstriction throughout the body, resulting in deficits in regulating total peripheral resistance. This hypothesis remains to be tested. It has been suggested that loss of vestibular system receptors in the elderly and the resulting effects on vasoconstriction contribute to the susceptibility of this population for orthostatic hypotension (20, 24) . Another study demonstrated that age-related orthostatic intolerance is mainly due to attenuated peripheral vasoconstriction (9).
These observations support the notion that posture-related blood pressure disturbances in animals lacking vestibular inputs are more related to altered peripheral resistance than to peripheral blood pooling and reduced cardiac output. were significantly different from those determined when vestibular inputs were present; the relative significance of differences is clarified in Fig. 4 .
For points where no symbols are present, significant differences were not found. Error bars indicate one S.E.M. 
